Abstract. Ginsenoside Rp1, a semi-synthesized ginseng saponin, was shown to have chemopreventive action and antimetastatic potential. However, the molecular mechanisms of Rp1 on cell growth and death are not fully understood. In this study, the antiproliferative effect of Rp1 on HeLa cells in vitro was investigated. Treatment with Rp1 at 40 μM inhibited the proliferation and partial accumulation of cells at the G1 phase. Rp1-mediated G1 arrest was accompanied by decreased expression of cyclin D1, E, and A and increased expression of p21 without any significant change in p53 or phospho-p53 (Ser15). On the other hand, prolonged incubation with Rp1 at 40 μM caused apoptosis and activation of caspase-3, -8, and -9. The participation of these three caspases in apoptosis was more clearly shown in experiments using inhibitors, which markedly prevented Rp1-induced apoptosis in the case of each caspase. Cleavage of the polyADP-ribose polymerase, often used as an apoptotic marker, was also found in Rp1-induced apoptosis. Among Bcl-2 family proteins (Bad, Bax, Bid, Bcl-2), Bax and Bid were activated by Rp1 treatment, which resulted in the release of cytochrome c from mitochondria, following activation of caspase-9. These observations indicate that multiple cell cycle regulatory proteins and apoptosis-inducing proteins are regulated by Rp1 and contribute to Rp1-induced growth arrest and apoptosis.
Introduction
A number of plant glycosides were reported to have biological activities (1) (2) (3) (4) . The chronic intake of Panax ginseng C.A.
Meyer has been associated with a decreased incidence of cancers that lack organ specificity, as well as cancers of the lung, stomach, liver, colorectum, and pancreas (5, 6) . Panax ginseng ingredients with anticarcinogenic and antimutagenic activities were identified as minor components in red ginseng (steamed and air-dried Panax ginseng) including ginsenosides Rg3, Rg5 and Rh2 (7, 8) . The molecular mechanisms of active ingredients were also studied (9-13). Among ginsenosides, Rg3 was developed as an anticancer drug for treating lung and liver cancers in China (14) . Ginsenoside Rg5 showed more potent chemopreventive and antitumor action than ginsenoside Rg3 (7, 15) , but was somewhat unstable in a pure form (16) . Therefore, we need to synthesize ginsenosides Rp1 [3-O-ß-D-Glucopyranosyl (1→2)-ß-D-glucopyranosyl dammarane-3ß, 12ß-diol] with chemopreventive activity and stability, to improve the anti-tumor activity of Rg3 and its congeners by chemical modifications.
Various types of ginsenosides consist of totally different molecules on the basis of their chemical structure, such as the number of sugars attached to the backbone and part of the side chain of the molecules. Furthermore, Rp1 has C 20 -dehydroxy and saturated side chains whereas Rg3, Rg5 and Rh2 have unsaturated double bonds (17) . Rp1 has been shown to have chemopreventive effects on mouse skin papilloma (18) . Rp1 is proved to be 10x more active and is more stable than Rg3 and Rh2. Ginsenoside Rp1 was prepared on a large scale and high yield as a stable form from ginsenoside Rg5 by reduction with hydrogenation (17) . Molecular mechanisms of Rp1 on cell growth and death are not fully understood. The present investigation is an attempt to evaluate the molecular mechanism of Rp1-mediated growth arrest and apoptosis.
Bax, Bid, Bcl-2, cytochrome c, cyclin D1 and A, p21, p53, phospho-p53 (Ser15), cytochrome oxidase IV (CoxIV), and tubulin were obtained from Cell Signaling Technology (Beverly, MA), and anti ß-actin antibody was purchased from Sigma (St. Louis, MO). Anti-cyclin E antibody was obtained from BD Pharmingen (San Jose, CA). All other chemicals were obtained from Nakalai Tesque (Kyoto, Japan). Rp1 was prepared as reported (17, 18) . Briefly, ginsenoside Rg5 was prepared in a high yield by citric acid hydrolysis of protopanaxadiol ginsenosides fraction in ethanol, and followed by silica gel column chromatographic purification. Ginsenoside Rg5 was hydrogenated on Palladium/charcoal under hydrogen to give ginsenoside Rp1 in a quantitative yield.
Cell line and cell culture. HeLa cells (a doubling time of 20-24 h) were used in the present investigation. The cell line was maintained in Dulbecco's minimum essential medium (DMEM) with 10% fetal bovine serum in a humidified CO 2 incubator in 5% CO 2 in air at 37˚C.
Antiproliferative activity. HeLa cells (10 5 cells) were plated into 10-cm Petri dishes and incubated for 24 h. The cells were then treated with 40 μM Rp1 for different times (7, 14, 24, 38 , and 48 h), or treated with different concentrations (10, 20, 30, 35, 40 , and 50 μM) for 48 h. The cytotoxicity of Rp1 was assessed by counting cells attached to dishes and those detached from dishes.
Apoptosis. HeLa cells were cultured with various concentrations of Rp1 for different times. Cells detached from dishes and those attached to dishes were combined and used for analysis of apoptosis. Prior to 4'-6-diamidine-2-phenyl indole (DAPI) staining, the cells were fixed with 70% ethanol and then washed twice with phosphate-buffered saline. DAPI (10 μg/ml) was added to the fixed cells. After incubation for 1 h, cells were visualized under a fluorescence microscope. Apoptotic cells were identified by condensation and fragmentation of nuclei.
Cell cycle analysis. Cell cycle distribution was detected using the CycleTest Plus DNA Reagent kit (Becton Dickinson, MA) with a BD LSR flow cytometer system, CellQuest, and ModiFit 3.1 (Becton Dickinson, MA). In brief, HeLa cells were collected after treatment with 40 μM Rp1 for 0, 7, 14, 24, and 48 h and fixed in 70% ethanol at -20˚C for 18 h. The cells were washed twice with PBS and then pelleted by centrifugation at 400 x g. The cell pellets were incubated with 250 μl of solution A (trypsin in a spermine tetrahydrochloride detergent buffer) at room temperature for 10 min, 200 μl of solution B (trypsin inhibitor and ribonuclease A in citrate stabilizing buffer with spermine tetrahydrochloride) at room temperature for 10 min, and 200 μl of solution C (propidium iodide and spermine tetrahydrochloride in citrate-stabilizing buffer) in the dark at 4˚C for 10 min. Cells were then analyzed by BD LSR flow cytometry.
Caspase-inhibitor assay. The effects of a general caspase inhibitor (Z-VAD-fmk) and of an inhibitor of caspase-3 (Z-DEVD-fmk), caspase-8 (Z-IETD-fmk) or caspase-9 (Z-LEHD-fmk) on Rp1-induced apoptosis were examined. Cells were incubated with Rp1 at 40 μM and each inhibitor at 40 μM for 48 h. Cells were fixed with 70% ethanol and used for analysis of apoptosis, as described above.
Western blotting. After incubation with Rp1, cells floating in culture medium and cells attached to dishes were collected by centrifugation and scraping, respectively, and combined. Briefly, cells were lysed in RIPA buffer (1% Triton X-100, 150 mM NaCl, 1% sodium deoxycholate, 0.1% SDS, 50 mM Tris, pH 7.5) containing 2% Nakalai protease inhibitor mixture for 30 min at 0˚C. The supernatant was separated by centrifugation, and protein concentration was determined by CBB protein assay kit (Nakalai Tesque). Proteins (30 μg/well) denatured with sample buffer were separated by 10 or 12% SDS-polyacrylamide gel. Proteins were transferred onto PVDF transfer membrane (Millipore). The membranes were blocked with a 5% nonfat dry milk (Nakalai Tesque) in TBS-T (20 mM Tris pH 7.6, 137 mM NaCl, 0.1% Tween-20) at room temperature for 1 h and washed three times with 10 ml of TBS-T for 10 min and incubated with the primary antibody overnight at 4˚C. The next day, the immunoreaction was continued with the secondary goat anti-rabbit, anti-mouse alkaline phosphatase-conjugated antibody after washing for 1 h at room temperature. The specific protein bands were detected by CDP-star (Amersham, Piscataway, NJ) .
Cell fractionation. Mitochondrial and cytosol fractions were obtained by an MBI mitochondrial/cytosol fractionation kit (MBI, Watertown, MA) according to the manufacturer's instructions and supplied for Western blot analysis.
Results
Ginsenoside Rp1 suppresses HeLa cell growth. To determine whether or not ginsenoside Rp1 suppresses the HeLa cell growth, we initially assessed the effect of ginsenoside Rp1 on the proliferation of HeLa cells. For cell counting, both cells attached to dishes and those detached from dishes were combined and counted. Ginsenoside Rp1 at 40 μM suppressed cell growth at 24, 38 and 48 h after Rp1 treatment (Fig. 1A) . As shown in Fig. 1B , suppression at 48 h after administration occurred in a dose-dependent manner. Incubation with 30 μM for 48 h had almost no effect, whereas incubation with 35, 40, or 50 μM caused not only suppression of cell growth (Fig. 1B ) but also detachment of cells from dishes (data not shown).
Induction of apoptosis.
For the apoptosis assay, attached and detached cells were combined. Rp1 increased the percentage of apoptosis with increases in time as well as in dose ( Fig. 2A  and B) . Almost all the detached cells had morphological characteristics of apoptosis. On the other hand, no apoptotic cells were found in attached cells.
Cell cycle analysis. HeLa cells were exposed to Rp1 at 40 μM, and the percentage of cells at each cell cycle stage was analyzed with a flow cytofluorometer. At the start of incubation with Rp1, the percentages of cells at the G1, S, and G2/M phases were 52.5, 37.1, and 10.4%, respectively. During incubation for up to 14 h, the percentage at G1 increased and that at S decreased, gradually (Fig. 3) . At 24 h, the percentage of G2/M decreased, with a concomitant decrease in the percentage of cells, especially in the late S stage (compare the intensity counts of >500 at 14 and 24 h in Fig. 3) . At 48 h, the percentages of G1, S, and G2/M became close to the respective percentages at the start of incubation. The cells with fluorescent intensity <290 (Fig. 3) were thought to be apoptotic and categorized as subG1. The percentage of cells in subG1 is shown in Fig. 3 against the total number of cells. The percentage at subG1 increased gradually with increases in incubation time.
Expression of cyclin D1, E, A, p21
, and p53. The expression of cyclin D1, E, and A began to decrease at 7 h after Rp1 treatment. The expression of each decreased significantly from 14 to 48 h (Fig. 4) . The expression of p21 began to increase at 7 h and decreased at 48 h. On the other hand, there was no significant change in expression of the p53 gene or in the amount of the phosphorylated form of p53.
Activation of caspases and cleavage of polyADP-ribose polymerase. It is well documented that members of the caspase family are activated by their own cleavage (19, 20) . To determine whether or not Rp1 induces caspase activation, the amount of the cleaved form of each caspase was assessed by Western blotting (Fig. 5) . In Fig. 5 , cleaved forms are shown as p43/p41 for caspase-8, p37/p35 for caspase-9, and p19/p17 for caspase-3, respectively. Rp1 causes a gradual increase in the cleaved forms of caspase-8, -9, and -3 at 14, 24, and 48 h after Rp1 treatment (Fig. 5) . PARP, cleaved in many different systems during apoptosis as a substrate of caspase-3 and -7 (19) was proteolyzed in Rp1-treated cells (p89 in Fig. 5 ). To clarify whether or not caspase activation was needed for the induction of apoptotic death triggered by Rp1, caspase inhibitors that acted by binding to the active site of each caspase were used. HeLa cells were incubated with Rp1 at 40 μM and with each caspase inhibitor at 40 μM for 48 h (Fig. 6 ). Caspase-3 and -9 inhibitors and the general inhibitor at 40 μM inhibited apoptosis to almost the same extent, whereas caspase-8 inhibitor had a slightly smaller effect (Fig. 6) .
Activation of Bcl-2 family proteins.
A whole cell fraction was used for Western blot analysis (Fig. 7A ). There were decreases in the amount of Bid after Rp1 treatment. As the antibody against Bid reacts only with Bid and not with the activated form (truncated) of Bid, the decreases mean that Rp1 truncates Bid. On the other hand, there were no changes in the expression of Bcl-2 or Bax. It is well known that Bax activation is initiated by translocation from cytosol into mitochondria to form dimers (21, 22) . Then we tested to see whether or not translocation occurs. As shown in Fig. 7B , cytosolic and mitochondrial fractions were used for Western blot analysis. Cytochrome oxidase subunit IV (CoxIV) and tubulin were used as mitochondrial and cytosolic loading controls, respectively. Rp1 decreased the amount of Bax in the cytosolic fraction and increased it in the mitochondrial fraction. On the other hand, the amount of Bad in the cytosolic fraction was almost equivalent to that in the mitochondrial fraction, irrespective of Rp1 treatment, although Rp1 decreased the amounts in both fractions. It was reported that the translocation of Bad in mitochondria is important for Bad activation (23) . We then examined the release of cytochrome c from mitochondria, which is known to cause the activation of caspase-9 (22) . Rp1 decreased the amount of cytochrome c in the mitochondrial fraction, concomitant with an increase in the cytosolic fraction.
Discussion
In the present study we demonstrated that Rp1 inhibited the proliferation of HeLa cells in vitro in a dose-dependent manner. Rp1 significantly inhibited growth at the dose range of 30-40 μM ( Fig. 1) with increases in the percentage of apoptosis (Fig. 2) . As growth inhibition may involve changes in the progression of cells through the cell cycle, we investigated the profile of the percentage of cells at each stage in the cycle (Fig. 3) . There was a partial accumulation of cells in G1 during incubation for 7 and 14 h. Progression through G1 slowed during this incubation, and progression through S and G2/M was affected to a lesser extent. At 24 h there was a slight increase in the percentage of cells at S and a slight decrease in cells at G2/M. At 48 h, the distribution of cells at each stage was almost the same as that at 0 h (Fig. 3) . As shown in Fig. 1A , there was almost no cell proliferation between 24 and 48 h; all stages of the cell cycle slowed up to this incubation time. Rp1 gradually increased the percentage of apoptosis for 7-48 h, whereas there was only slight cell proliferation during that time (Figs. 1A, 2A, and 3) . It is then suggested that some fraction of the cells that accumulated in G1 moved into the apoptotic subG1 fraction.
Cell cycle control is a highly regulated process that involves a complex cascade of events. Modulation of the expression and function of cell cycle regulatory proteins provides an important growth mechanism (24) . In mammalian cells, distinct cyclins are associated with different cdks, and the expression of cyclins fluctuates throughout the cell cycle. Cyclin D1 is induced by signals for growth, and the expression is a relatively early event during progression through G1 before the expression of cyclin E (25) . As shown in Fig. 4 , the amounts of cyclin D1 and E started to decrease at 7 h, and the rate of reduction peaked at 14 h. There are two possibilities to explain these reductions. Rp1 down-regulated the expression of cyclin D1 and E and/or caused the arrest of cells at an early point in G1 where there is no expression of D1 or E. Expression of p21 is regulated by differentiation signals p53-dependently and -independently (26) . p21 inhibits the activity of the G1 cyclin-cdk complex to arrest the cells at G1 (25) . As the expression of p21 was enhanced by the incubation of cells with Rp1 for 7, 14, and 24 h (Fig. 4) , p21 may have contributed to the partial accumulation of cells at G1. Expression of cyclin A, which is concerned with DNA replication, was predominant at late S and G2/M. The maximum reduction of cyclin A was found at 24 h (Fig. 4) , which is consistent with decreases in the percentages of cells at late S and G2/M at 24 h (Fig. 3) . We have no data indicating whether or not Rp1 down-regulated cyclin A expression. As p53 is known to cause G1 arrest (27) we expected an increase in p53 or in the phosphorylated form of p53 but there was no such change (Fig. 4) . It was reported that an increase in the amount of p21 in HeLa cells, with no increase in the amount of p53, caused the arrest of cells at the G1/S boundary (28) . Further evidence was attained that p21 mediates apoptosis in a p53-independent manner (26, 28) .
In spite of the modulation of cell cycle regulatory molecules, apoptosis-mediating molecules are also important in the determination of the Rp1-mediated antitumor effect (Figs. 5-7 ). Apoptosis is a fundamental form of programmed cell death characterized by a series of morphological features, such as cell shrinkage, chromatin condensation, nuclear fragmentation, and the formation of apoptotic bodies. It is changed by biochemical features, such as the activation of caspase cascades, the expression of Bcl-2 family proteins, and ligand-inducing activation of death receptors (29) . Previous reports demonstrated that caspase family proteases play essential roles in apoptosis (30) . Caspases are present as inactive proenzymes, most of which are activated by proteolytic cleavage at specific aspartic amino acid sites (19, 20) . Activation of caspase-3, -8, and -9 during Rp1-induced apoptosis was observed in the present study (Fig. 5) . The amount of cleaved forms increased with incubation time (Fig. 5) , which may correspond to the increase in the percentage of apoptotic cells (Fig. 2A) . Involvement of these caspases in Rp1-induced apoptosis is more clearly shown in the experiment using specific inhibitors (Fig. 6) . Each inhibitor, except that for caspase-8, inhibited Rp1-induced apoptosis to almost the same extent, whereas the inhibitor for caspase-8 had a slightly lower effect. There are several pathways to activate caspase-3 (29) . In one pathway, procaspase-3 is cleaved by the activated form of caspase-9 in response to agents or insults. The activation of caspase-9 is initiated by the release of cytochrome c from mitochondria (mitochondrial pathway) under the control of Bcl-2 family proteins (positively Bax, Bak, Bad and negatively Bcl-2, Bcl-XL, etc.) (22) . In another pathway, caspase-8 is activated in response to extracellular apoptosis-inducing ligands such as tumor necrosis factor · or Fas ligand in a complex of receptors and cytoplasmic death domains (31) . Then, activated caspase-8 promotes the mitochondrial pathway via the activation of Bid to cause the activation of caspase-9 and the subsequent cleavage of procaspase-3. In some cases, caspase-8 directly attacks procaspase-3 to cleave it for activation (29) . The activation of caspase-3 then causes proteolysis including that of PARP (Fig. 5 ) and the fragmentation of DNA molecules to promote apoptosis. In the present study, we investigated the participation of four members of the Bcl-2 family (Bcl-2, Bax, Bid, and Bad) in Rp1-induced apoptosis (Fig. 7) . These members are modified differently in response to the formation of death ligand-receptor complexes, the depletion of cytokines, or stress by chemical or physical agents (32) . Among these four members, the activation of Bid (truncation) and that of Bax (dimerization in mitochondria) were found in Rp1-induced apoptosis, as shown in Fig. 7 . The release of cytochrome c from mitochondria was also found in the present study (Fig. 7B) . As Bax was activated (Fig. 7B) , the mitochondrial pathway may be activated via Bax in response to Rp1 as a chemical agent. On the other hand, the activation of Bid suggests participation of caspase-8 in Rp1-induced apoptosis, which is also shown in the experiment using the inhibitor specific for caspase-8 (Fig. 6) . Administration of Rh2, did not alter the level of Bcl-2 family proteins (10) . This may be one reason for the more potent activity of the ginsenoside Rp1. However, direct cleavage of procaspase-3 by caspase-8 may not have occurred in Rp1-induced apoptosis, as the specific inhibitors for caspase-3 and -9 had almost the same effects (Fig. 6 ). It should be noted that the inhibitor specific for caspase-8 had lesser effects than those for caspase-9 and -3 in the repeated experiments (Fig. 6) . At least two different pathways may be activated by Rp1 treatment, as mentioned above. In an earlier report (10) , it was shown that activation of death receptor DR4 signalling is required for Rh-2 mediated apoptosis. As no activation of caspase-9 was involved in Rh-2 mediated apoptosis, we did not establish if there was activation of DR4 in Rp1-induced apoptosis. However, investigation on death receptor pathways will be of use to clarify mechanisms in Rp1-induced apoptosis.
In conclusion, the present study revealed that Rp1, a stable form of a potent chemopreventive and antitumor-active ginsenoside Rg5, has a strong antiproliferative and apoptosisinducing activity in HeLa cells. In a preliminary experiment using HeLa cells, there were cell-killing effects of Rp1 four times more than those of Rg3 (data not shown). An earlier report showed that Rp1 orally administered to mice to prevent dimethylbenz(a)anthracene-induced papillomagenesis (18) .
The level of some of the carcinogen-metabolizing and antioxidant enzymes is influenced by Rp1 administration, and these changes in levels may contribute to the detoxification of the carcinogen. Here, we showed that Rp1 directly affects cellular proliferation and death by changing the expression and activities of cell cycle-and apoptosis-regulating proteins. It is still unknown to what extent these direct effects on cells contribute to the prevention of chemopapillomagenesis. However, a combination study of in vitro and in vivo would be useful in order to elucidate the anti-calcinogenic activities of the chronic administration of ginseng and of each component.
